Treatment with histone deacetylase inhibitors (HDACI) results in potent cytotoxicity of a variety of cancer cell types, and these drugs are used clinically to treat hematological tumors. They are known to repress the transcription of ERBB2 and many other oncogenes, but little is known about this mechanism. Using global run-on sequencing (GRO-seq) to measure nascent transcription, we find that HDACI cause transcriptional repression by blocking RNA polymerase II elongation. Our data show that HDACI preferentially repress the transcription of highly expressed genes as well as high copy number genes in HER2 þ breast cancer genomes. In contrast, genes that are activated by HDACI are moderately expressed. We analyzed gene copy number in combination with microarray and GRO-seq analysis of expression level, in normal and breast cancer cells to show that high copy number genes are more likely to be repressed by HDACI than non-amplified genes. The inhibition of transcription of amplified oncogenes, which promote survival and proliferation of cancer cells, might explain the cancer-specific lethality of HDACI, and may represent a general therapeutic strategy for cancer.
INTRODUCTION
Histone deacetylase inhibitors (HDACI) are a class of epigenetic cancer drugs used clinically to treat hematological malignancies that also show promise in treating solid tumors.
1,2 Their anticancer activities include inducing differentiation, cell cycle arrest and apoptosis, and decreasing angiogenesis. 3, 4 However, previous studies have not sufficiently resolved the basis for the cancer selective effects of HDACI.
These drugs block the activity of the zinc-dependent histone deacetylases (HDAC). There are 11 isoforms of these HDAC, and panspecific inhibitors like trichostatin A (TSA) and suberoylanilide hydoxamic acid (SAHA, also known as Vorinostat) have been reported to have little isoform specificity. 5, 6 By blocking HDAC activity, HDACI treatment results in the hyper-acetylation of lysine residues in histones and non-histone proteins. Histone acetylation is associated with active transcription, so HDACI are believed to function by derepressing silent genes through the inhibition of HDAC activities found within many transcription corepressor complexes. 7, 8 Transcriptional activation contributes to the anti-cancer effects of these drugs by inducing pro-apoptotic and differentiation programs that become epigenetically silenced during tumorigenesis. [9] [10] [11] The transcriptional repression that results from inhibition of HDAC is far less understood than the transcriptional activation. Curiously, the expression of many oncogenes that are highly expressed in cancers, such as ERBB2, MITF, MYC, MYCN, EGFR and others, are significantly reduced by HDACI only in tumor cells. [12] [13] [14] [15] However, previous studies have not revealed the underlying mechanism of repression. These oncogenes are often found in amplicons, which arise from multiple duplications of particular chromosomal segments, and are found in many types of cancers. Therefore, we hypothesized that transcriptional repression induced by HDACI may be more common in highly expressed genes and genes within amplicons than in moderately expressed or normal copy number genes. Amplicons increase the transcriptional output of the genes they contain; this often drives cancer cell survival and growth. 16 The ability to selectively repress the transcription of highly expressed genes within amplicons pharmacologically would be extremely powerful in treating cancers whose survival usually depends on the ability to highly express oncogene transcripts.
In this study, we demonstrate that HDAC inhibition in ERBB2-amplified breast cancer cells causes the preferential and direct transcriptional silencing of ERBB2. We establish that HDACI treatment prevents RNA polymerase II (RNAP) elongation and represses genes that are very highly expressed prior to drug treatment. By combining copy number and RNA transcript expression data, we find that HDACI are able to repress other amplified oncogenes, such as ERBB2 that are highly expressed and amplified in breast cancer genomes. These results point to the transcription elongation machinery as desirable targets for selectively silencing highly expressed oncogenes.
RESULTS
ERBB2 transcription is directly and selectively repressed by HDACI in breast cancer cells Previous studies demonstrated that the ERBB2 amplicon is silenced by HDACI in HER2 þ breast cancer cells. 17 Using reverse transcription quantitative PCR (RT-qPCR), we detected a modest, yet significant, repression of the ERBB2 gene in BT474 cells, an ERBB2-amplified breast cancer cell line, within 4 hours of a 500 nM TSA treatment ( Figure 1a) . A short-term treatment was chosen to define the primary transcriptional response to HDACI. 10 In addition, we determined that repression of ERBB2 occurs even in the presence of the protein synthesis inhibitor cycloheximide (CHX). Therefore, ERBB2 transcriptional repression is not caused by the increased de novo synthesis of a protein, which blocks ERBB2 transcription after HDACI treatment. In contrast, ERBB2 is not repressed by TSA in MCF10A cells, a non-cancerous breast epithelial cell line that moderately expresses this gene ( Figure 1a) . By performing nuclear run-on (NRO) to directly measure nascent transcription, which rules out any effects that HDACI have been previously shown to have on transcript turnover, 14 we determined that TSA treatment decreases the transcription of the ERBB2 gene in BT474, rather than increasing mRNA turnover (Figure 1b) .
Using global run-on sequencing (GRO-seq) to analyze nascent transcription across the entire genome, we confirmed that TSA treatment results in the selective repression of ERBB2 in BT474, but not in MCF10A (Figures 1c and d) . Our GRO-seq analysis also confirms that CHX addition does not affect the transcriptional repression of ERBB2 in BT474 cells, as determined by the RPKM (reads per kilobase of gene per million mapped sequence reads) normalization method. 18 We also detected repression of ERBB2 transcription by TSA using GRO-seq in SKBR3 and ZR75-30, two independently derived breast cancer cell lines that, like BT474, carry ERBB2 amplicons. Furthermore, we confirmed that SAHA represses ERBB2 transcription in BT474, suggesting that direct transcription repression of the ERBB2 amplicon is a common property of pan-specific HDACI (Figure 1d ).
HDACI repress a common set of genes in breast cancer cells Repressed genes (Po10 À 16 , log-likelihood ratio) from GRO-seq were analyzed to explore the characteristics of HDACI-repressed genes in breast cancer cells compared with normal cells. The number of TSA-repressed genes in BT474 that overlap with the repressed genes from the other breast cancer cells and SAHArepressed genes in BT474 is almost two-fold higher than those that overlap with TSA-repressed genes from the normal cell line, MCF10A (Supplementary Figure 1a) .
To define the cancer-specific repressed genes, the repressed genes were compared among the cancer cell lines. Seven hundred thirty-four genes were significantly repressed in all cancer cells (Supplementary Figure 1b) . Among them, 365 genes are cancerspecific TSA-repressed genes, as they do not overlap with the repressed genes in MCF10A. Three hundred sixty-nine of 734 genes were repressed in both normal and cancer cells (Supplementary Figure 1c) . In addition, 208 of the 356 cancerspecific TSA-repressed genes are also repressed by SAHA (Supplementary Figure 1d) . To explore the characteristics of these HDACI-repressed genes, we analyzed these gene sets using functional analysis tools (GO analysis and functional analysis) provided in the DAVID bioinformatics database (http://david.abcc.ncifcrf.gov/). 19, 20 The genes repressed by TSA in all the cell lines examined are significantly associated with chromatin, chromosome and lumen organizations (Supplementary Table 1a ). In contrast, the cancer-specific TSArepressed genes and the TSA-and SAHA-repressed genes are likely related to the regulation of transcription or gene expression (Supplementary Tables 1b and c ). Functional analysis also shows that cancer-specific repressed genes have a role in the regulation of transcription and alternative splicing (Supplementary Table 2) .
HDACI-repressed genes are repressed through a direct mechanism As ERBB2 transcription is directly inhibited without requiring the synthesis of new proteins, we investigated if other transcriptionally blocked genes are directly repressed after TSA treatment in BT474 and MCF10A. In microarrays and GRO-seq, genes that are transcriptionally repressed by TSA (Po0.05, Illumina BeadStudio package (Illumina, Inc., San Diego, CA, USA) for microarray analysis, Po10 À 16 , log-likelihood ratio for GRO-seq) are often no longer repressed when CHX is added (Figures 2a and b) . Conversely, in BT474, the transcription of a large number of TSA-repressed transcripts is still reduced even in the presence of CHX (Figures 2a  and b ). The vast majority of genes activated by TSA in both BT474 and MCF10A are still activated in the presence of CHX (Figures 2c  and d) . Therefore, while direct transcriptional activation by TSA treatment in the two cell lines is common, direct repression is more frequently seen in BT474 than in MCF10A cells.
HDACI induce elongation pausing genome-wide Transcription starts with the recruitment of RNAP to the transcription start site. Once initiated, RNAP often encounters an elongation block, but remains engaged. 21 In order for transcription to proceed, the elongation phase of transcription must be induced. Transcriptional elongation is a key rate-limiting step for expression of many genes in the eukaryotic genome. 22, 23 By looking at the pattern of GRO-seq reads at the ERBB2 locus in BT474 (Figure 1c ), we observed that TSA treatment decreases transcription in the gene body, while transcription near the two ERBB2 promoters is not reduced. This suggests that TSA prevents transcription elongation.
To determine whether HDACI inhibit transcription elongation across the genome, we assessed the extent of RNAP pausing with the 'pausing index' (PI), calculated by dividing the GRO-seq read density in the promoter proximal region by that in the gene body 24 ( Figure 3a) . Overall, genes treated with TSA display higher PIs, and are therefore more paused, in both normal and cancer cell lines (Figures 3b, d , f and h, and Supplementary Figure 2a) . By analyzing the PIs of the significantly (Po10 À 16 , log-likelihood ratio) repressed gene sets from GRO-seq, we determined that repressed genes exhibit much higher PIs after TSA or SAHA treatments compared with dimethyl sulfoxide (DMSO) (Figures 3c, e, g, i and k, and Supplementary Figure 2b) and the difference in PI is much greater between DMSO and HDACI for repressed genes than all genes combined (Figures 3b and k) . Activated transcripts (Po10 À 16 , log-likelihood ratio) do not show as drastic changes in PI upon HDACI treatment as do repressed transcripts ( Supplementary Figures 3a and d) .
Examination of the expression of a noncoding RNA that inhibits transcription elongation, 7SK, 25, 26 shows that it is not significantly activated by TSA in all cell lines examined, nor are the 7SK-related RNAs (Supplementary Figure 4) . Thus, HDACI-mediated transcriptional repression seems to result from blockades in elongation, likely through inhibition of protein or histone deacetylation events that are critical for efficient transcription elongation rather than inducing 7SK transcription.
Transcriptional repression results from a decrease in elongation without affecting initiation We further investigated whether increased transcriptional pausing results from HDACI-induced effects on transcription occurring near the promoter (initiation) or along the gene body (elongation). In all the cell lines tested, repressed genes show an increase or a very small change in promoter proximal GRO-seq tag density after TSA treatment (Figure 4a and Supplementary Figure 5a) . The magnitude of the change resulting from TSA treatment in microarray expression when plotted against GRO-seq density at the promoter shows that changes in transcription initiation are correlated with transcriptional repression only in MCF10A, but not BT474 (Supplementary Figures 6a, b, e and f) . Although the promoter densities of repressed transcripts in BT474 are not correlated with transcriptional output, TSA treatment still causes higher GRO-seq tag densities at the promoter, suggesting that there is no reduction in transcriptional initiation upon TSA treatment in either cell line. As TSA-induced transcriptional repression does not seem to be correlated with the GRO-seq density near promoters in BT474 cells, the reduction in the rate at which RNAP transitions into the productive elongation phase of transcription seems to be the primary basis for the TSA-driven repression of amplicons. Indeed, more extreme reductions in GRO-seq tag densities are consistently found within the gene bodies than the promoters of repressed genes in TSA-treated cells as well as SAHA-treated BT474 cells (Figure 4 and Supplementary Figure 5b) . In contrast, activated transcripts show increased transcription in their promoters and gene bodies (Supplementary Figures 3b and 3c) . A strong positive correlation exists between transcript levels from magnitude of expression change from microarray and GRO-seq density in the gene body for both repressed and activated genes (Supplementary Figures 6c, d, g and h) .
To identify the level of transcription that occurs in genes whose expression is capable of being altered by HDACI treatment, we determined the cumulative distribution of RPKM expression level for all genes, and genes that can be significantly repressed or activated by HDACI (Po10 À 20 , log-likelihood ratio). We found that HDACI-repressible genes have a higher expression level than all Figure 7b) . Several previous studies have identified genes that are repressed by HDACI, and many are highly expressed genes that are commonly found in amplicons, such as ERBB2. The cell lines we employed in this study also harbor many amplicons relevant for cancer cell growth and survival, such as MYC, CCDN1 and others. We performed genome-wide copy number analysis using genotyping arrays and a hidden Markov model previously developed was used to detect copy number alterations.
27 By looking at the expression level of all the copy numbers, we found that high copy number genes in breast cancer cell lines have higher expression levels than normal copy number genes (Figure 5c and Supplementary Figure 8) .
High copy number genes are more likely to be repressed by HDACI As amplicons contain highly expressed genes (Figure 5c ), we wanted to know if amplified genes are more likely to be repressed than unamplified ones. This would suggest that oncogenes such as ERBB2, which are highly expressed and amplified, are specifically targeted for transcriptional repression by HDACI. We determined that in the BT474 genome, most genes exist in four copies, though many other genes are present in higher numbers (Figure 6a top) . In contrast, most genes are diploid in the MCF10A genome, as expected (Figure 6b top) . Transcripts that are identified as repressed by microarray analysis of BT474 cells after TSA treatment (Po0.05, Illumina BeadStudio P-value, Illumina Inc.) are more likely to come from genes with high copy numbers (five or greater), and these transcripts remain repressed even with CHX added (Figure 6a bottom, for statistics see Supplementary Table 3 ). The association between TSA-mediated direct transcriptional repression and copy number gains is statistically significant in BT474 (Figure 6a bottom, Supplementary Table 3) . In other breast cancer cell lines, high copy number genes (four copies or greater in SKBR3, and three copies or greater in ZR75-30) are preferentially repressed by TSA based on our GRO-seq analysis (Supplementary Figures 9a and b, Supplementary Table 4) . SAHA also selectively represses high copy number genes in BT474 (Supplementary Figure 9b, Supplementary Table 4) .
By applying increasingly stringent statistical thresholds for detecting repressed genes in the microarray and GRO-seq data, we determined that in the BT474 and other breast cancer cell lines, high copy number genes are much more likely to be repressed by TSA or SAHA (Figure 6c, Supplementary Figure 9c) . MCF10A do not show this trend in microarrays (Figure 6d ), but do show a slight trend in the GRO-seq data (Supplementary Figure 9c) . These results provide evidence from two independent measures of transcriptional activity that amplicons are more likely to be repressed by HDACI than unamplified genes.
Gene amplification events could cause a gene to be more susceptible to repression by HDACI, or a gene in an amplicon might be repressed because amplicons are composed of highly expressed genes (Figure 5c ). Therefore, we looked at whether unamplified genes that are repressed (Po10 À 20 , log-likelihood ratio) still show a high level of expression before HDACI is added. We found that even unamplified HDACIrepressed genes display a high basal expression level (Supplementary Figure 10) .
DISCUSSION
Using genome-wide measurements of steady state mRNA, nascent RNA synthesis and copy number states of genes, we have analyzed how HDACI modulate transcription in normal and HER2 þ breast cancer cells. We found that HDACI inhibit transcriptional elongation, which causes significant decreases in the level of RNAP transcribing in the body of many genes across the genome, including ERBB2, and results in their transcriptional repression. We have also found that genes that are highly expressed, including amplified genes, are preferentially repressed by HDACI. Our data, taken together, suggest that oncogenic amplicons are selectively repressed by HDACI because they are highly transcribed, and their increased level of expression requires efficient transitioning from the initiation to elongation phase of transcription. This transition is most likely facilitated by histone or protein deacetylation.
Studies in yeast show that HDACs have a role in active gene transcription, 28, 29 and recruitment of several HDAC isoforms is positively correlated with gene activation and histone acetylation level. 30 The ability of HDACs to either activate or repress transcription suggests that proper cycling of acetylation and deacetylation is necessary for appropriate gene expression. Moreover, it was recently found that Hsp90 is involved in maintaining a barrier to elongation. Mutations of the gene encoding Hsp90, and two other known elongation barrier-creating proteins, Spt4 and NelfE, cause ectopic expression of wingless and an ectopic eye outgrowth phenotype in the sensitized Drosophila melanogaster strain, Kr If . 31, 32 TSA lowers the frequency at which both phenotypes are seen in flies with mutated Hsp90. 32 In combination with our results, it seems likely that TSA is normalizing the amount of transcriptional elongation pausing that is occurring by impeding the increased basal level of elongation caused by this mutation.
Transcription elongation appears to be an effective therapeutic target in cancer, and we predict that this is because of the ability of elongation inhibitors to target highly expressed oncogenes. Flavopiridol, a cancer drug currently being investigated in clinical trials, inhibits transcription elongation by blocking cyclin-dependent kinase 9, the kinase subunit of positive transcription elongation factor b. 33, 34 Also, a new class of cancer drugs (JQ1 and I-BET) that inhibit bromodomain containing protein 4 (Brd4), an acetyl-lysine binding protein (P-TEFb) that helps recruit positive transcription elongation factor b, have shown great promise as a cancer therapy in several cancer types. 24, 35, 36 Our results show that HDACI treatment causes the selective repression of transcriptional elongation, an effect that we have found to be specific to the deleterious transcriptional products of amplicons. Therefore, defining transcription elongation mechanisms and the role that HDAC enzymes have in this pathway will likely lead to more specific and potent cancer treatments.
MATERIALS AND METHODS

Cell lines and drugs
BT474, MCF10A, SKBR3 and ZR75-30 cells were obtained from American Type Culture Collection and cultivated according to the supplier's instructions. TSA and CHX were obtained from Sigma (St Louis, MO, USA), and SAHA was provided by Lyndsay N Harris. Doses used were 500 nM, 10 mg/ml and 3 mM for TSA, CHX and SAHA, respectively.
Genotyping and copy number analysis
We used the hidden Markov model to infer copy number of genes as previously described. 27 For details, see Supplementary Information.
Microarray genome-wide expression analysis
Total RNA for microarray analysis was isolated using RNA Isolation kit (Qiagen) per the manufacturer's instructions. Biotinylated cDNA (1.5 mg) was hybridized onto an Illumina Sentrix BeadChip (Human-6v2; Illumina, Inc.) then scanned on a BeadArray Reader (Illumina, Inc.). The resulting microarray data were quantile normalized, averaged, and confidence values for transcriptional change for each probe upon HDAC inhibition were determined. The probe and gene expression profiles were generated using Illumina BeadStudio software (Illumina, Inc.). Statistical analysis was performed by the Illumina BeadStudio detection P-value (Illumina, Inc.). Microarrays were performed in triplicate. Table 3 for statistics on (a) and (b). (c, d) Stacked histograms for MCF10A and BT474, respectively. The top stacked bar is the distribution of all genes having the indicated copy numbers, and the bars below are the percent of genes that are significantly repressed by TSA as determined at increasing statistical thresholds (log-likelihood ratio) and cutoffs for minimum magnitude of change for defining transcripts as 'repressed' , which are indicated to the left. Lighter colors represent lower copy numbers and darker colors represent higher copy numbers.
